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Introduction
Plant growth is a complex phenomenon that integrates many physiological and morphological processes. Growth responses of plants to elevated CO 2 and temperature are closely related with their physiological and morphological adaptations. During the last several decades, many papers have been published describing the growth response of plants to elevated CO 2 and temperature (Gunderson and Wullschleger 1994 , Idso and Idso 1994 , Pritchard et al. 1999 , Ainsworth and Long 2005 . However, there have been highly variable results which depend on the species, growing conditions, and the duration of CO 2 and temperature increase. There is abundant information on the physiological mechanisms of growth responses (Bazzaz and McConnaughay 1992 , Idso and Kimball 1992 , Wang et al. 2008 ), but it remains unknown how and to what extent the growth response is correlated with morphology. Although examining physiology is valuable in the study of plant responses to elevated CO 2 and temperature, the physiological parameters are a relatively insensitive indicator of what is actually happening to plant growth in terms of structure and function (Stulen and Herton 1993, Sattler and Rutishuser 1997) . For example, differences in root depth and branching may influence patterns of water and nutrient uptake independent of total biomass (Tremmel and Bazzaz 1993) . White (1984) pointed out that in the vast literature of plant responses to the environment, morphology has been ignored.
Morphology is the study of the size, shape, and structure of organisms or one of its parts (Sattler 1996, Sattler and Rutishauser 1997) . Various environmental conditions make different phenotypic expression of the same genotype. Therefore, plant morphology has been recognized to be the consequence of interactions between genotype, environment and developmental history. Elevated CO 2 alters plant structure through its effects on both primary and secondary meristem of shoots and roots. Similarly, elevated temperature may contribute to developmental and morphological changes by influencing meristematic cells within the bud (Pritchard et al. 1999) . These changes in morphology, in turn, can influence the growth responses of plants to CO 2 and temperature enrichment through light interception, canopy atmosphere exchange processes, and nutrient and water absorption (Yokozawa et al. 1996 , Gielen et al. 2002 . Therefore, investigating the effects of elevated CO 2 and temperature on plant morphology will lead us to gain a better understanding of how plant growth will respond to future changes in climate. Such a study can also provide basic information for forest management and carbon cycle models because some process-based growth models include not only physiological indices, but also morphological indices, such as tree crown size, leaf area, and branching (Landsberg and Waring 1997, Cropper 2000) .
Recently, some experiments were carried out to explore the relationship between morphology and growth at elevated CO 2 and temperature. For example, a study by Gielen et al. (2002) showed that success of white poplar competing with black poplar and euramerican poplar at elevated CO 2 was due to longer, more horizontally orientated branches. Research on the relationship between crown structure and biomass revealed that crown architecture affected tree growth through the control of leaf area and its display for effective light capture and photosynthesis (Wang and Jarvis 1990) . The spatial distribution of leaf area and biomass within a crown might affect carbon assimilation through its effect upon light interception and net CO 2 exchange rates for the whole tree (Reekie and Bazzaz 1989) . However, the magnitude and direction of morphological effects on growth response to elevated CO 2 and temperature, or which component of morphological traits are best related with growth response, remains unanswered.
Our primary objective in this study was to investigate the morphological mechanism underlying the growth response of Minjiang fir (Abies faxoniana Rehd.et Wils.) to elevated CO 2 and temperature. We first tested the effects of elevated CO 2 , elevated temperature and the combination of the two on the growth and morphology of Minjiang fir. Since structure determines the function, we predicted that the growth response would be affected by its morphology. Thus, the relationship between growth response and morphological traits was tested and discussed. We will address the following questions: 1) whether elevated CO 2 and temperature affects the growth and morphol-ogy of Minjiang fir; 2) which and how morphological traits are correlated with growth response to elevated CO 2 and temperature.
Material and Methods

Experimental Site and Facility
The experiment was conducted in a closed-top chamber system situated in Maoxian Ecological Research Station (31°41´07˝N, 103°53´58˝E, 1800-m altitude) which belongs to the Chengdu Institute of Biology, Chinese Academy of Science. Mean annual precipitation was 919.5 mm and the mean air temperature was 8.6 °C. The average CO 2 concentration over one growth season was around 360 µmol · mol -1 .
Each chamber (3 m in height; 9.35 m 2 in ground area; 24.5 m 3 in volume) was composed of a prism as its main body that was made up of a hendecahedron and a corresponding partial sphere as its top. Chambers were connected with a heating-cooling system, a CO 2 flow system and a wind exchange system, which were controlled by a computer. The computer-controlled heating and cooling system (CAJ-4511YHR, L'Unité-Hermetique, Barentin, France), together with a set of magneto-electric valves (controlling the pure CO 2 supply), enabled the temperature and CO 2 concentration to be adjusted automatically inside the chambers to conform to the ambient conditions, or to achieve a specified enrichment in CO 2 , a rise in temperature, or a combined elevation of CO 2 and temperature.
Experimental Design
This experiment was conducted at two levels of CO 2 concentration and temperature, thus four treatments were formed: (1) outside ambient temperature and CO 2 concentration (CON); (2) elevated temperature at ambient CO 2 (ET, i.e. CON+ (2.0 ± 0.5 °C); (3) elevated concentration of CO 2 at ambient temperature (EC, i.e. CON + (350 ± 25) µmol · mol -1 ); (4) combined elevation of CO 2 and temperature (ECT). CO 2 concentration in EC and ECT, temperature in ET and ECT were elevated continuously (24 h · day -1 ) through-out the growing season. In order to provide a comparison on the CON treatment and to detect whether the chamber itself affects the morphology of plants, an "O" treatment was conducted with six trees and without a chamber. A chamber was used for each treatment, so four chambers was used in total. There were six containers in each chamber. Containers rotated among chambers once a week (simultaneously with a change in CO 2 concentration and temperature) during the growing season, which ensured that all containers spent approximately equal time within each chamber. This rotating averaged out any chamber differences (Gavazzi et al. 2000) .
In this system, the hourly means of the 15 second readings taken from April to October in 2005 and 2007 indicated that the target temperature and CO 2 concentrations were achieved (Fig. 1 ). The mean ambient CO 2 concentration was 363.8 (± 34.2) µmol · mol -1 . The CO 2 concentration in EC and ECT was 347.1 (± 22.1) µmol · mol -1 and 352.8 (± 27.6) µmol · mol -1 , respectively, higher than in the CON. The CO 2 concentrations were within 650~800 µmol · mol -1 for 91.32% (EC chamber) and 91.67% (ECT chamber) of the exposure time. The temperature in ET and ECT was 2.0 (± 0.12) °C and 2.0 (± 0.18) °C, respectively, higher than that in the CON. The air temperature was within 1.0~3.0 °C for 95.06% (ET) and 88.73% (ECT) of the exposure time. The actual rise in CO 2 concentration and temperature in this experiment suggests that the control on temperature was less precise than on CO 2 concentration due to many difficulties, such as a lack of technical resources.
Plant Material
Minjiang fir (Abies faxoniana Rehd.et Wils.) is very common in Western China and sometimes occurs as a pioneer species on clear-cutting sites in subalpine coniferous forests (the so-called dark coniferous forests). It is also one of the main constituents of the timberline climax communities in the Qinghai-Tibetan Plateau. In order to simulate conditions in the natural ecotone, we randomly collected native soil with seeds and roots of herbs from the subalpine ecotone of east Qinghai-Tibetan Plateau in the winter of 2005. The volume of soil clod was approximately 0.168 m 3 (70 cm length, 60 cm width, and 40 cm in height). An intact clod was put into one woody container. Healthy and uniform size (height, basic diameter, crown length and width; Table 1 ) Minjiang fir seedlings (9 years old) were transplanted into the containers, with one seedling in each container. The volume of container was also 0.168 m 3 . This container size was selected to eliminate root binding in Minjiang fir growth as known from our previous survey. To avoid the influence of the container wall on the seedling root, the seedling was planted in the middle of the container. Containers were then moved into chambers for CO 2 and temperature treatment in the spring of 2006 (before bud burst). During the two-year treatment, no fertilizer was added to the containers. The native soil moisture content was maintained through a drip irrigation system. Since the experiment was carried out in the subalpine zone, the temperature in late autumn and winter was very low and the plants stopped growing. Therefore, the climate treatments began in April and ended in October when plants began to go through natural senescence. The rest of the time, the seedlings were growing in the ambient atmosphere (from November to March the following year). At the end of experiment, only the upper two whorls born during the treatments were totally affected by the treatments, whereas elsewhere in the canopy, only part of the shoots were born during the treatments because at the beginning of treatments, the seedlings were 9 years old.
Measurement
Minjiang firs were destructively harvested after two growing seasons in October, 2007. Plants with soil were dug out, and the roots were carefully washed. For each of the trees, we measured height, diameter, crown length, crown width along [CO2]
the widest branch (the widest part of the crown, without stretching the branch), total leaf area (TLA: using leaf area meter (Li-3100, Li-Cor), the leaf area of sub-sampled leaves were measured, and these leaves were then dried at 65 °C. The quotient of leaf area divided by dry weight was SLA. All leaves were weighed and then converted to leaf area with sub-sampled SLA measurements). On average, the tree crown was separated into 3 layers along bole from the base of the crown to the tip (i.e. upper layer, middle layer and lower layer). At each layer, whorl length, branch length, and branch angle (bole as axis) were measured. All plant parts were oven-dried at 65 °C until reaching constant mass and then weighed. Simplified indices of morphology were calculated: root to shoot ratio (RSR) is the partitioning of dry mass between root and shoot; relative crown length (RCL) is the ratio of crown length to tree height; crown length to width ratio (CLWR) is the ratio of crown length to widest crown width, reflecting crown shape; crown radius (CR) is the product of branch length and the sine of the corresponding branch angle, i.e. the distance of the branch tip from the tree trunk; branch length to stem length ratio (BLS) is the ratio of total branch length per cm bole length. crown volume (Vc) represents the composite of different crown traits and reflects spatial occupancy. Tree crown is assumed to be the regular cone shape because it is still a seedling, so Vc is calculated as:
where L and D represent crown length and crown width.
Additionally, simplified indices related to leaf morphological traits were calculated as follows: specific leaf area (SLA, leaf area per g leaf dry mass); leaf area ratio (LAR, leaf area to total dry mass ratio); leaf area density (LAD, leaf area per dm 3 crown volume); leaf mass ratio (LMR, proportion of leaf mass to total dry mass).
To estimate the effect size of the treatment, a response ratio was calculated as the magnitude of an experimental mean relative to the control mean according to Hedges et al. (1999) :
where Xe is the biomass of an experimental treatment; Xa is the biomass of a control treatment; r > 1, represents the biomass increased in the experimental treatment compared to the control (positive response); r = 1, no response; and r < 1, biomass decreased (negative response).
Statistical Analysis
In the experiment, a chamber was an experimental unit, and a container was a subunit. However, the rotation of containers among chambers ensured that the container could be used as a unit of replication of the variable, and thus n = 6. The effect of elevated CO 2 , elevated temperature and the combination of elevated CO 2 and temperature on biomass and morphology traits was tested using independent samples t-test.
To test which of the morphological traits of Minjiang fir may have contributed to their growth response, stepwise regression analysis was used. Biomass was used as the dependent variable. However, when assessing a large number of independent variables in a regression analysis, it is possible for the independent variables to be mutually correlated. Furthermore, a previous study showed that the morphological features of plants are always highly correlated with each other (Szymura 2005) . To avoid the effect of collinearity while minimizing the loss of information resulting from a reduced number of possible predictors, principal component analysis (PCA) was used to summarize the information in original independent variables into a fewer number of orthogonal (non-correlated) variables. In PCA, the varimax the rotation was used. This rotation maximized variations of the eigenvalues of variables for each factor. These new synthetic morphological variables (the principal components) were used as independent variables in the regression analysis as described above. Then, we hypothesized that morphological traits, which were not only significantly effected by treatments but also had high loadings in the principal components, might contribute to the growth response. The correlation between these morphological traits and the growth response was analyzed by Pearson's correlation analysis.
All statistical analyses were all performed with SPSS version 11.5 for Windows (SPSS Inc., Chicago, IL, USA). Statistical difference were considered significant at P ≤ 0.05.
Results
Growth Response and Biomass Allocation
The growth of Minjiang fir showed significantly positive responses to elevated CO 2 and temperature ( Fig. 2) , with a biomass of 21%, 31%, and 35% greater than the control in elevated CO 2 , elevated temperature and the combination of elevated CO 2 and temperature, respectively. Accordingly, relative to the control the response ratio was 1.21, 1.31, and 1.35 in elevated CO 2 , elevated temperature and the combined elevation, respectively. Elevated CO 2 significantly affected the pattern of biomass allocation among organs of Minjiang fir seedlings (Fig. 2) . Minjiang fir seedlings allocated more biomass to root in elevated CO 2 , with an increase of 15% in root to shoot ratio (RSR). Furthermore, more biomass was allocated to organs related to capturing resources. Leaf mass ratio (LMR) and fine root to total biomass ratio of Minjiang fir was 13% and 39% respectively, greater than in the control in elevated the CO 2 . These results indicate that biomass was transferred from the stem and coarse root to the leaf and fine root.
The pattern of biomass allocation of Minjiang fir seedlings was also significantly influenced by elevated temperature (Fig. 2) . RSR was 18% greater in the elevated temperature than in the control, which indicates that more biomass was allocated to belowground. LMR and fine root to total biomass ratio of Minjiang fir was 7% (P = 0.08) and 47%(P ≤ 0.05) respectively, greater than the control in the elevated temperature. This indicates that the magnitude of biomass enhance- ment was larger in leaf and fine root than in the stem and coarse root. Biomass allocation to organs of Minjiang fir seedlings was not or only slightly affected by the combination of elevated CO 2 and temperature (Fig. 2) . No significant effect of the combination of elevated CO 2 and temperature on RSR and LMR was detected. The combination of elevated CO 2 and temperature only induced a non-significant increase in fine root to total biomass ratio.
Morphology of Minjiang Fir
Effects of elevated CO 2 and elevated temperature on tree size traits were significant except for diameter (Table 2 ). Height and Vc of Minjiang fir seedlings were significantly greater in the elevated CO 2 than in the control by 15% and 19%, respectively. Similarly, height and Vc of Minjiang fir seedling increased by 16% and 22% in the elevated temperature compared to the control, respectively. However, the combination of elevated CO 2 and temperature had no significant influence on the height of Minjiang fir, but increased the diameter and Vc by 21% and 33%, respectively.
Elevated CO 2 and elevated temperature both stimulated crown growth of Minjiang fir seedling (Fig. 3) . Crown length, RCL, and CLWR were 19%, 15%, and 7%, respectively, greater than the control in elevated CO 2 , and 29%, 20%, and 25%, respectively, greater in elevated temperature. There were no significant effects of elevated CO 2 and elevated temperature on crown width. The combination of elevated CO 2 and temperature increased crown length, width, and RCL by 24%, 31%, and 24%, respectively, compared to the control, whereas CLWR was not significantly affected by the combination of elevated CO 2 and temperature.
Elevated CO 2 differently affected upper, mid, and lower crown layers of Minjiang fir seedlings (Table 3 ). In the elevated CO 2 treatment, the branch angle became steeper (17% smaller than in the control) at the upper crown layer, but more horizontal (17% greater) at the mid crown layer, and was not influenced at the lower crown layer. Elevated CO 2 decreased the crown radius by 20% at the upper layer, while increased it by 16% and 59% at mid and lower layer, respectively. Minjiang fir seedlings allocated more branches to the mid layer in the elevated CO 2 , with an increase of 22% for the branch length to stem length ratio (BLS). Accordingly, BLS decreased by 26% and 26% at the upper and lower layers, respectively. Elevated CO 2 stimulated whorl length, with an increase of 46% at the upper layer. However, whorl length at the mid and lower layer was not affected or negatively affected by elevated CO 2 .
Elevated temperature had no significant effect on upper and lower branch angles of Minjiang fir seedlings, but induced more horizontal branches at the mid layer, with an increase in angle by 10%. The crown radius at the upper crown layer was not influenced by elevated temperature, while it was 22% and 58% greater than the control at the mid and lower crown layer, respectively. The effects ) 11.0 ± 0.90a 13.1 ± 0.58b 17.8 ± 0.96b 17.1 ± 0.99b SLA (dm 2 · g -1 )
0.71 ± 0.04a 0.60 ± 0.02b 0.83 ± 0.03b 0.82 ± 0.02b LAR (dm 2 · g -1 )
0.19 ± 0.01a 0.18 ± 0.01a 0.23 ± 0.01b 0.21 ± 0.01b LAD (dm 2 · dm -3 ) 0.30 ± 0.01a 0.29 ± 0.01a 0.36 ± 0.02b 0.33 ± 0.01b Crown length to width ratio of elevated temperature on BLS were similar to elevated CO 2 . BLS of Minjiang fir seedlings at the mid layer was 20% greater than the control, whereas it was 24% and 44% less than the control at the upper and lower layers, respectively. Whorl length was 41% greater at the upper layer, but was not influenced by elevated temperature at the mid and lower layers ( Table 3) .
The combination of elevated CO 2 and temperature had no significant effects on branch angle at the upper and mid crown layers, but it decreased branch angle at the lower layer by 16% compared to the control. Crown radius and BLS significantly decreased by 28% and 43% at the upper crown layer, but was not significantly affected at the mid crown layer. At the lower crown layer, crown radius was 34% greater, and BLS was not influenced by the combination of elevated CO 2 and temperature. The combination stimulated stem growth at the upper layer, with an increase of 44% for whorl length. However, whorl length at the mid and lower layers was not affected, or negatively affected, by the combination of elevated CO 2 and temperature (Table 3) .
Elevated CO 2 stimulated leaf growth of Minjiang fir seedling, increasing total leaf area by 19% ( Table 2 ). The leaf mass increased even more because SLA decreased significantly by 15% in the elevated CO 2 . Leaf area ratio (LAR) and leaf area density (LAD) decreased by 9% and 11%, respectively, compared to the control in the elevated CO 2 . All the leaf morphological traits of Minjiang fir seedlings were significantly greater in the elevated temperature than the control. Total leaf area, specific leaf area (SLA), LAR, and LAD increased by 62%, 17%, 23%, and 22%, respectively, compared to the control. The combination of elevated CO 2 and temperature had the similar effects on leaf morphological traits as elevated temperature. Total leaf area, SLA, LAR, and LAD increased by 55%, 15%, 11%, and 12%, respectively, compared to the control.
Relationship between Growth and Morphology
The principal component analysis of the original 25 morphological variables in Minjiang fir seedlings indicated that 95.8% of the variation in the morphological variables could be summarized by the first four principal components. The first principal component, which explained 50.7% variation of the original variables, was primarily related to crown shape and architecture. The original variables which contributed the most to this factor were crown volume, crown length, crown width, and relative crown length, crown radius at the lower layer, and whorl length at the upper layer. The second component, which accounted for 20.1% of original variables, was connected with crown architecture and RSR. The original variables with large loading in the second component were branch angle at the mid and lower layer, crown radius at the upper and mid crown layers, BLS at the mid crown layer, and RSR. The third component which explained 16.6% of original variables was a measure of leaf morphology. The original variables that contributed the most to this factor were TLA, SLA, LAR, and LAD. The fourth component accounting for 8.4% of original variables was related only to BLS at the lower layer. These results indicate that morphological traits were resolved as crown shape, crown architecture, leaf morphology, and biomass allocation between aboveground and belowground.
Stepwise regression of biomass of Minjiang fir seedlings on the four new orthogonal variables revealed that 90.9% of the variation of biomass could be accounted for by the first and the third principal components, with 68.7% by the former component and 22.2% by the latter component (Table 4 ). This suggests that the growth of Minjiang fir seedlings is mainly related to crown shape, crown architecture and leaf morphology.
Finally, the correlations between the growth response ratio and morphological traits in the treatments were respectively analyzed by Pearson's correlation analysis (Table 5 ). In the elevated CO 2 , the growth response ratio was significantly correlated with crown size and shape (Pearson's R 2 = 0.95 and 0.93, P = 0.004 and 0.006, respectively). In the elevated temperature, the growth response ratio was better correlated with leaf morphology than with crown characters. The growth response ratio was more strongly correlated with crown architecture than with crown shape in the combination of elevated CO 2 and temperature. The correlation between crown architecture and growth response ratio was stronger in the combination of elevated CO 2 and temperature than in the elevated temperature (Table 5 ).
Discussion
Growth Response
Minjiang fir seedlings exhibited positive growth response to elevated CO 2 , elevated temperature and the combination of elevated CO 2 and temperature. Increased biomass of Minjiang fir seedlings in elevated CO 2 was consistent with previous studies where trees grew in mixture (Gavazzi et al. 2000) . However, the magnitude of enhancement (21%) in biomass of Minjiang fir in elevated CO 2 was smaller than the average value (29%), which was from a set of 102 measurements of total tree biomass (Curtis and Wang 1998) . Temperature increase can have either positive or negative effects on a given process depending on the current relationship to the temperature optimum curve. For example, photosynthesis processes have an optimum temperature, with reaction rates increasing from 0 °C to the optimum, and then declining rapidly with further increase in temperature. At high altitude, the ambient temperature in the early and later periods of the growing season is generally lower than the optimum temperature for photosynthesis. Therefore, increase in temperature over the ambient temperature provided more propitious temperature conditions for photosynthesis and thus stimulated growth (Kellomäki and Wang 2001 ) . In this experiment, the growth of Minjiang fir was stimulated by elevated temperature, which was consistent with the above findings.
The response ratio in the combination of elevated CO 2 and temperature was larger than in the elevated CO 2 or temperature alone (1.35 versus 1.21 or 1.31, respectively). There are several reasons that might explain this difference. The first is the interaction of elevated CO 2 and temperature; however, due to the limitation of repetition, this interaction needs additional investigation. The second is nutrients: in our experiment, nutrient availability was poor and no fertilizer was added during experiment. When temperature was elevated, mineralization and availability of nutrients likely increased (Peltola et al. 2002) , which may have indirectly accelerated the positive response of growth to elevated CO 2 . This also supports a previous conclusion that the response of plants to elevated CO 2 and temperature is related to other factors (Matala et al. 2006) .
Morphological Change
Tree height was greater in the elevated CO 2 and in the elevated temperature than in the control, which is consistent with reports on Scots pine (Jach and Ceulemans 1999) and Norway spruce (Skre and Nes 1996). However, Kilpelainen et al. (2005) reported that there were no significant treatment effects on height growth during their 6-year study. We found no significant difference for diameter which is consistent with findings by Groninger et al. (1996) and Gavazzi et al. (2000) that elevated CO 2 affected tree height growth more than diameter growth.
Elevated CO 2 , elevated temperature and the combination of two positively affected tree crown length and crown width, resulting in overall larger crown size. Furthermore, The combination of elevated CO 2 and temperature increased Vc more than in the elevated CO 2 or elevated temperature alone, which is consistent with the change in biomass (Fig. 2) . These results supported the findings by Lee et al. (2001) . Elevated temperature stimulated lengthways growth of Minjiang fir due to larger crown length to width ratio, which is consistent with reports by Hollister et al. (2005) . They found that shoot length was considerably larger in seedlings due to earlier bud break under elevated temperatures. On the contrary, Apple (1998) reported that trees from elevated temperature chambers tended to be shorter. These discrepancies could be due to the average temperature of the study site: Our study was carried out in a relatively cold site, whereas the study of Apple (1998) was carried out in a relatively warm site.
Elevated CO 2 , elevated temperature and the combination of two also significantly affected the crown architecture of Minjiang fir. However, these changes in crown architecture were different in three treatments. In the elevated CO 2 and the combination of elevated CO 2 and temperature, increased whorl length in the upper layer led to reduced branch length to stem length ratio (BLS), which resulted in sparse branches. The sparse branches decreased the possibility of self-shading (Deleuze et al. 1996) . This was advantageous for Minjiang fir growth because within-crown selfshading had strong effects on light interception prior to canopy closure (Oker-Blom and Kellomäki 1983) . Simultaneously, longer branches and larger angles at the mid layer in elevated CO 2 have been also attributed to light interception (Goulet and Nikinmaa 2000) . Longer branches and sharper angles at lower layer were detected in the combination, which is consisted with previous results that branch length was negatively correlated with termination angle (Gielen et al. 2002) . These changes induced branches at lower layer to grow upwards to the light source. In elevated temperature, an increased branch angle, crown radius, and BLS at the mid layer caused a wider mid crown with denser branches in the elevated temperature than the control, which might have implications for light interception (Chmura et al. 2007) .
Minjiang fir allocated more biomass belowground in elevated CO 2 treatment and elevated temperature treatment, resulting in increased root to shoot ratio (RSR). This might imply an increased ability for Minjiang fir to exploit belowground resources. The larger RSR in elevated CO 2 was also reported by Gavazzi et al. (2000) , but contrasts with findings by Groninger et al. (1996) and Curtis and Wang (1998) . Although leaf biomass both increased in elevated CO 2 treatment and elevated temperature treatment, specific leaf area (SLA) decreased in elevated CO 2 , while increased in elevated temperature. Reduced SLA is the common response to elevated CO 2 and may have been due to an increase in a combination of non-structural carbohydrates and/or more cell layers (Ferris et al. 1996) . Increased SLA in elevated temperature implied the magnitude of enhancement in total leaf area was greater than biomass. This supports the finding that high temperature accelerates leaf extension (Ferris et al. 1996) . The combination of elevated CO 2 and temperature did not alter biomass allocation of Minjiang fir among organs. Since total leaf area increased significantly, SLA and LAR were greater in the combination than in the control. Larger SLA and LAR increased the probability of intercepting radiation, and consequently stimulated the growth of Minjiang fir (Cornelissen et al. 1996) .
Relationship of Morphology and Growth Response
The principal component analysis indicated that morphological traits of Minjiang fir could be simplified to four factors: crown shape, crown architecture, leaf morphology, and biomass allocation between aboveground and belowground.
This was consistent with the typical classical morphology definition, which reduces the diversity of plant form to mutually exclusive morphological categories (Sattler 1996) . The stepwise regression revealed that growth performance was highly correlated with the first and third principal component, i.e. crown and leaf morphology. This implies that it is possible to interpret the growth of Minjiang fir in terms of morphology. The importance of phenotypic plasticity and crown architecture in the understanding of community and stand structure, functioning and production has been stressed by several authors (Sachs 2004 , Pearcy et al. 2005 , Barthelemy and Caraglio 2007 . However, morphological traits that contribute the most to the growth response should be those not only significantly affected by elevated CO 2 and temperature but also with high loading in the first and third principal components. The morphological traits that were significantly affected in different treatments varied, suggesting that morphological traits correlated with growth response were specific in different treatments. The t-test and regression analysis suggested that growth response of Minjiang fir to elevated CO 2 was correlated with a few of the morphological traits that were related to crown shape, such as crown volume (Vc), relative crown length (RCL) and branch angle at the upper layer (BAU) ( Table 4) . Vc was positively correlated with growth response, consistent with other studies showing that plants increased competitive predominance by growing larger individuals (Sultan 2000) . A larger branch angle at the upper layer was highly correlated with the growth response ratio (Pearson's R 2 = 0.95, Table 5 ). This agrees with findings of Gielen et al. (2002) that success of white poplar when competing with black poplar and euro-american poplar in elevated CO 2 was due to longer, more horizontally orientated branches.
The growth response of Minjiang fir in the elevated temperature was significantly correlated with crown architecture and leaf morphological traits. Furthermore, leaf traits were better correlated with the response ratio than crown (Table 5) . This is consistent with previous findings that leaf development and morphology are important as it determines the amount of intercepted radiation which, together with photosynthetic efficiency, determines productivity (Ferris et al. 1996) . The greater TLA, SLA, LAR, and LAD (Table 2) suggested that leaf biomass increased and leaf was thinner in the elevated temperature than in the control. On the one hand, a larger and thinner leaf likely allowed a higher interception of light and thus stimulated growth. On the other hand, it would also imply a higher vulnerability to water stress and thus restrict positive growth response (Cardillo and Bernal 2006) . Therefore, the trade-off between leaf-mediated changes in light interception and water loss when plants are grown at different temperatures should be highlighted.
The growth response of Minjiang fir to the combination of elevated CO 2 and temperature was correlated with crown morphology (Table 5 , P < 0.01). Furthermore, crown architecture (relative crown length, crown radius at lower layer, whorl length at the upper layer) was more strongly correlated with the response ratio than crown shape (crown length, crown width, and crown volume). This is consistent with the findings by Chmura (2007) that crown shape itself seems to be less important for light interception than its distribution within the crown. In addition, the relationship between crown architecture and the growth response ratio was stronger in the combination than in elevated temperature (Table 5 ). This suggests that the same morphological traits might contribute to growth response differently in various environments.
In conclusion, our results show that growth and morphology of Minjiang fir are greatly affected by elevated CO 2 and temperature, which confirms our first hypothesis. Growth of Minjiang fir was stimulated by elevated CO 2 and temperature, and morphological traits were specifically altered by different treatments. We also demonstrate that the growth response of Minjiang fir is correlated with morphology. However, the different relationship (extent and direction) between growth response and morphological traits suggests that the same morphological traits may contribute differently to the growth response in various conditions. The results imply that simple crown and leaf morphological variables can be good predictors of future seedling growth, and thus provide useful information to forest managers.
